is associated with development of chronic liver disease, which is characterized by massive T cell infiltration into the liver. In the liver of chronic HCV patients, the intrahepatic T cells have an activated Th1 phenotype and are effector cells (1) . These liver-infiltrating T cells are responsible for damaging the liver and causing chronic liver disease rather than resolving HCV infection. The detailed molecular mechanism for T cell-mediated liver damage has yet to be identified; although the profound activated state of the liver infiltrate is involved in inducing Ag-independent killing of hepatocytes. Of particular interest is the correlation of these infiltrating T lymphocytes and the resulting cytokine/chemokine milieu within the liver. Apparently, chemokines secreted by the liver result in the recruitment of specific inflammatory cell subsets. Thus, studies aimed at identifying the mechanisms responsible for recruiting proinflammatory cells offer insight into the process of hepatic damage.
Besides the ability of the liver to process and detoxify the blood from toxins, the liver can trap and subsequently deactivate or delete activated T cells from the body (2, 3) . The trapping of activated T cells induces the production of chemokines and adhesion molecules, resulting in the recruitment of inflammatory cells including macrophages, dendritic cells, neutrophils, NK, and activated T cells to the liver compartment. Once in the liver compartment, the activated immune cells are responsible for the destruction of liver parenchyma cells in bystander killing. Effector molecules, particularly Fas ligand (FasL), displayed on activated T cells are thought to play a crucial role in initiating hepatic damage. Indeed, the liver sinusoidal cells as well as hepatocytes constitutively express Fas and become sensitive to transmit Fas-mediated signaling upon encounter with FasL displayed on activated T cells.
It has been well documented that binding of FasL to the Fas receptor typically induces apoptosis (4) . However, Fas engagement leads to enhanced proliferation of activated T cells, fibroblasts, and some tumor cells (5) (6) (7) . Several studies have reported that FasL is involved in the induction of hepatic inflammation and the acceleration of liver regeneration observed after partial hepatectomy (8) . In addition to this nonapoptotic effect of FasL, there is evidence for a novel role of FasL in inducing chemokine production. To this end, Fas signaling has been reported to play a role in the production of neutrophil attracting chemokines, KC and MIP-2 (9) . Thus, the induction of chemokines by Fas signaling could provide a pathway to recruit immune cells to sites of inflammation and induce antipathogen responses.
Chemokines are small molecules responsible for the recruitment and localization of inflammatory cells to sites of tissue damage or infection. Each chemokine interacts with one or more receptors expressed on various cell types. Among the chemokine receptors, CXCR3, CCR5, CXCR4, and CCR3 have been demonstrated to play a role in inducing hepatic damage. CXCR3 is expressed on CD4 ϩ T cells (activated, memory, Th1 type), CD8 ϩ T cells (naive, activated, memory), NK, and B cells (10, 11) and binds to three different ligands: IFN-inducible protein 10 (IP-10)/CXCL10, monokine induced by IFN-␥ (Mig)/CXCL9, and IFN-inducible T cell ␣ chemoattractant (ITAC)/CXCL11. These CXCR3 ligands are produced by several sources including monocytes, macrophages, endothelial cells, hepatocytes, and T cells in exposure to IFN-␥ (12, 13). CCR5 is expressed on Th1-type T cells, B cells, and binds to MIP-1␣, MIP-1␤, and RANTES (14) . The expression of CXCR4 is found on T cells, B cells, as well as monocytes/macrophages and binds the stromal cellderived factor 1 (CXCL12) chemokine (15) . In contrast to the chemokine receptors described above, CCR3 binds to eotaxin, RANTES, and MIP-1␣ and is expressed on cells involved in allergic reactions (i.e., Th2 lymphocytes, eosinophils, basophils, mast cells) (16) . Thus, the distinct chemokine produced by various cell types plays a pivotal role in selective recruitment of specific cells to the site of inflammation.
Despite the fact that HCV replication occurs mainly in hepatocytes, immune cells have been reported to be susceptible for HCV infection (17) (18) (19) . We have previously reported that the expression of HCV core protein in CD4 ϩ T cells leads to altered phenotypes. Using the DO11.10 ϫ HCV core double-transgenic mice, we demonstrated that the HCV core protein increases the proliferative potential of CD4 cells leading to activated-induced cell death after Ag stimulation. Additionally, HCV core increases FasL expression on these cells leading to the induction of hepatic inflammation and liver damage. In this study, we determined the mechanism(s) responsible for recruitment of liver lymphocytes and initiation of liver inflammation. To this end, we analyzed specific intrahepatic infiltrates and examined the kinetics of chemokine and chemokine receptors during acute hepatitis. This analysis revealed increased expression of CXCR3 and its chemokines. CXCR3-expressing cells were localized to areas of liver damage and the treatment of core ϩ TCR mice with anti-CXCR3-blocking Abs resulted in the reduction of hepatic damage. Importantly, blockade of Fas/FasL interaction revealed decreased cellular infiltrate and chemokine expression. This was confirmed by both in vivo and in vitro treatment with an agonist anti-Fas Ab that results in increased expression of CXCR3 ligands. Ultimately, this work demonstrates the role of Fas ligation in the induction of chemokine expression for the further recruitment of inflammatory cells.
Materials and Methods

Mice
Transgenic mice expressing full-length HCV core protein under the control of the CD2 promoter were bred with DO11.10 mice (The Jackson Laboratory). Progeny tail tissue samples were screened for the presence of HCV core DNA by PCR and confirmed by Western blot (20) . The presence and absence of core expression in DO11.10 TCR mice are designated as core ϩ TCR and core Ϫ TCR, respectively. All mice were bred in a pathogen-free facility at the University of Virginia (UVA) and routinely tested for mouse hepatitis virus, Helicobacter, and other pathogens. Mice were treated as previously described (21) 
Abs and flow cytometry
Monoclonal anti-mouse CD3, CD4, CD8, CD11c, CD44, DX5, F4/80, CD95L, Fc␥R III/II (Fc block) and functional grade anti-FasL, anti-Fas, and appropriate isotype Abs were purchased from eBioscience. Anti-mouse CXCR4, CCR5, and CCR3 were purchased from BD Biosciences and CXCR3 from Zymed Laboratories. KJ1-26, streptavidin-FITC and PE, and appropriate isotype control Abs were purchased from Caltag Laboratories. Additionally, biotin and PE donkey F(abЈ) 2 anti-rabbit, anti-rat, and antigoat secondary Abs were purchased from Jackson ImmunoResearch Laboratories. Purified anti-mouse Mig/CXCL9, IP-10/CXCL10, and ITAC/ CXCL11 were purchased from R&D Systems and anti-mouse CD3 was obtained from Santa Cruz Biotechnology.
Preparation of splenocytes and liver cells
Splenocytes were prepared by mechanical disruption and isolation over a Ficoll gradient. Nonparenchyma liver cells were isolated as previously described (21) . Briefly, the liver sections were finely minced and placed in a digestion mix at 37°C for 20 min. Hepatocytes and debris were removed after collagenase digestion by centrifugation at 30 ϫ g for 3 min at 4°C. The supernatant was removed, cells were collected, and resuspended in 22% Nycodenz (Sigma-Aldrich). Then Iscoves's was underlaid with the cell/Nycodenz mixture and separated at 1500 ϫ g for 20 min at 4°C. The interface of the gradients were collected and viable cells were counted using trypan blue. Cells were resuspended and blocked with Fc block followed by incubation with isotype controls or primary Abs. Detection of chemokine receptors was performed using purified primary Abs followed by incubation with biotin-labeled secondary and streptavidin-PE. Data from flow cytometry experiments were analyzed with FlowJo software (Tree Star). The total number of positive cells was calculated as the percentage of gated cells multiplied by the total number of viable cells.
Administration of anti-FasL and anti-CXCR3 Ab
Core ϩ TCR mice were treated with anti-FasL Ab by injecting 100 g of anti-FasL (MFL3) Ab or isotype control at the time of OVA II stimulation. In separate experiments, mice were treated with anti-CXCR3 Ab. The polyclonal anti-CXCR3 was raised in rabbit against the NH 2 portion (NH 2 -PYDYGENESDFSDSPP-COOH) of the CXCR3 as previously reported (22) . The Ab was produced by Biosource International and was desalted. Then anti-CXCR3 or prebleed was i.p. injected into core ϩ TCR mice at the time of OVA II stimulation.
Histological evaluation and immunohistochemistry (IHC)
Tissue samples were fixed in 10% buffered formalin solution for 24 h and then embedded in paraffin. Liver damage was evaluated by conventional H&E staining, TUNEL assay, and Ki67 staining; all were performed as previously reported (21) . The detection of Mig/CXCL9, IP-10/CXCL10, ITAC/CXCL11, CD3, B220, macrophage (F4/80), and CXCR3 were performed in formalin-fixed paraffin-embedded (FFPE) tissue using methods previously reported (21) . Ag retrieval for Mig/CXCL9, IP-10/CXCL10, ITAC/CXCL11, and CXCR3 was performed by microwave irradiation in citrate buffer (pH 6), however, Ag retrieval for B220 and CD3 staining was performed in EDTA buffer (pH 8), while Ag retrieval for F4/80 staining was performed with a proteinase K digest at room temperature for 30 min.
The specificity of Mig/CXCL9 and IP-10/CXCL10 Abs was tested by incubating the primary Ab with recombinant mouse Mig/CXCL9 or IP-10/CXCL10 (PeproTech). The rMig/CXCL9 was able to block Mig/ CXCL9 staining but not IP-10 staining, while rIP-10 was able to block IP-10/CXCL10 staining but was unable to block Mig/CXCL9 staining. Quantitation of chemokine staining was performed with ImageJ software. Briefly, five random ϫ40 images from the same tissue section were acquired and the percent of total area staining positive was calculated. A minimum of five animals per group was included in the analysis.
RNase protection assay (RPA)
Livers and spleen sections were collected, then RNA extracted with TRIzol (Invitrogen Life Technologies) and stored at Ϫ80°C. RPA was performed per manufacturer's instructions (BD Biosciences). Briefly, a custom probe set containing available cDNA of interest was synthesized in the presence of [ 32 P]UTP yielding labeled RNA probes. The resulting product was treated with DNase to remove residual cDNA. The RNA and probes were precipitated with ammonium acetate and ethanol, then 10 g of RNA was hybridized overnight at 56°C with 3.95 ϫ 10 5 cpm/l probe. Hybridized samples were treated with RNase followed by deactivation of RNase with proteinase K. The resulting protected probes were precipitated as above and the samples resolved on an acrylamide gel and analyzed by autoradiography as well as phosphoimaging (performed with Packard Cyclone Storage Phosphoimager). Samples were normalized to L32 and GAPDH.
In vivo and in vitro ligation of the Fas Receptor
Core Ϫ TCR mice were i.v. injected with 2 g of anti-Fas (Jo2) Ab and tissue samples were collected at various time points. Mouse macrophage (RAW267.4) and hepatocyte lines (Hepa 1-6) were obtained from American Type Culture Collection (ATCC). For chemokine determination, macrophages and hepatocytes were seeded at 3 ϫ 10 5 cells/ml and 2 ϫ 10 5 cells/ml, respectively, in a 24-well plate and then allowed to adhere overnight. The medium were replaced and cells were treated with 10 ng/ml LPS (Sigma-Aldrich) or 100 IU of IFN-␥ (R&D Systems) and 1 g/ml anti-Fas (Jo2) or an isotype control Ab. Cells were treated for various times and the supernatant was collected for chemokine determination.
Statistical analysis
A paired Student's t test or ANOVA was used to evaluate the significance of the differences. Statistical analysis was performed with SPSS version 11.5, with a value of p Ͻ 0.05 regarded as statistically significant.
Results
Liver-infiltrating CD4 ϩ T cells are responsible for recruitment of innate immune cells to the liver
In this study, we use the HCV core ϫ DO11.10 double-transgenic mice in which we can study the effects of HCV core on the function of T lymphocytes under Ag-specific stimulation. Using this model, we have previously demonstrated that DO11.10 transgenic CD4 ϩ T cells are specifically recruited to the liver but not to other organs following OVA II peptide injection (21) . In addition, increased expression of FasL on CD4 ϩ T cells was associated with liver inflammation and hepatic damage. To determine an underlying mechanism for the role of FasL-expressing CD4 ϩ T cells in liver inflammation, we first analyzed the infiltration of specific cell types into the liver following CD4 ϩ T cell activation. To this end, we administered 25 nM OVA II peptide into both core ϩ TCR transgenic and core Ϫ TCR littermate mice and examined the accumulation of inflammatory cells such as T cells (DX5
, and dendritic cells (CD11c ϩ high ) in the liver by flow cytometry. As shown in Fig. 1 , massive lymphocytic infiltration was observed in core ϩ TCR mice following antigenic stimulation of transgenic CD4 ϩ T cells. Increased infiltration of CD3 ϩ T cells was found in the liver after OVA II injection (Fig. 1A) . In contrast, no change in liverinfiltrating lymphocytes was detectable in core ϩ TCR mice after irrelevant peptide injection nor did lymphocytes from the spleen of these mice express increased activation markers (data not shown). Importantly, increases in liver-infiltrating CD3 ϩ T cells were accompanied by increased numbers of NK (Fig. 1B ) and NKT cells (Fig.  1C) . Furthermore, there was an influx of APCs with increased numbers of dendritic ( Fig. 1D ) and Kupffer cells (Fig. 1E) . Immunohistochemical analysis revealed that dendritic cells were primarily localized around portal regions with decreased numbers of dendritic cells in closer proximity to the central vein (data not shown). In contrast, F4/80 ϩ cells, primarily Kupffer cells, reside between the portal and central vein and are increased at sites of inflammation in close contact with the infiltrating lymphocytes (data not shown). Taken together, these data suggest that liver-infiltrating CD4 ϩ T cells are responsible for induction of liver inflammation and recruitment of innate immune cells. The recruitment of the CD4 lymphocytes into the liver resembles the recruitment of CD8 cells both in the OT-1 system and the adoptive transfer system (21, 23).
Liver-infiltrating lymphocytes express CXCR3
To determine whether distinct subsets of peripheral immune cells are selectively recruited to the liver, we first examined the expression of chemokine receptors in liver-infiltrating lymphocytes. Flow cytometry analysis on viable cells reveals that the proportion of cells positive for CXCR3 was increased in the intrahepatic infiltrates ( Fig. 2A) . There was minimal alteration in the number of cells expressing CCR5, CXCR4, or CCR3 as compared with CXCR3-positive lymphocytes.
We further analyzed the expression of specific chemokine receptors on distinct lymphocyte subsets (i.e., CD3, NK, NKT cells) by double staining for isolated intrahepatic lymphocytes with Abs for CD3, DX5, as well as chemokine receptors. Cells were gated on T (CD3 ϩ DX5 Ϫ ), NK (CD3 Ϫ DX5 ϩ ), and NKT (CD3 ϩ DX5 ϩ ) cell populations. Interestingly, various CXCR3
ϩ lymphocyte subsets migrated into the liver with different kinetics (Fig. 2B) . Specifically, a maximal increase in CXCR3
ϩ NK and NKT cells were 
Blockade of CXCR3
ϩ cell migration prevents intrahepatic infiltration and hepatic damage Although a dramatic increase in the number of CXCR3 ϩ lymphocytes was detected in the liver by flow cytometry, it is not known whether they are localized to the site of hepatic damage. Thus, we sought to determine the localization of the infiltrating cells within the liver and whether they localized to areas of hepatic damage. CXCR3 was detected in FFPE tissue with specific staining of CXCR3 on the cell surface of liver-infiltrating mononuclear cells (Fig. 3A) . Staining for CXCR3 in splenic sections revealed that CXCR3 ϩ cells were primarily restricted to the T cell zones and were in greatest number at day 1 with decreasing expression at later time points (Fig. 3C ). IHC labeling for CXCR3 within the liver confirmed the increased infiltration of CXCR3 ϩ cells into the liver of core ϩ TCR mice (Fig.  3D) . The CXCR3 ϩ cells primarily localized to the periportal area early after antigenic stimulation then migrate to the lobular area later during the inflammatory process. Importantly, these CXCR3-expressing cells demonstrated organization into lymphoid aggregates (Fig. 3, A and D) correlating with hepatic damage and hepatocellular death.
To verify the role of these CXCR3 ϩ cells in the induction of hepatic damage, we attempted to block the CXCR3 engagements with its ligand. Because CXCR3 can bind and be activated by Mig, IP-10, and ITAC, we chose to treat our mice with a blocking Ab against CXCR3 instead of Abs against all three chemokines. The core ϩ TCR mice were treated with polyclonal or prebleed IgG at the time of Ag stimulation followed by histological studies performed 3 days later. Treatment of the core ϩ TCR mice with blocking Abs to CXCR3 reduced hepatic damage and inflammation (Fig. 4) . As evident by H&E staining, there was less lymphocyte infiltration into the liver of core ϩ TCR mice treated with anti-CXCR3 Ab and no formation of lymphoid aggregates around the portal triads or in the lobular regions (Fig. 4A ). This observation is confirmed by CD3 staining in the liver (Fig. 4B) .
Hepatocytes are mostly quiescent but proliferate in the presence of hepatic damage invoking the regeneration response. Thus, an increase in Ki67 ϩ staining of hepatocytes has been reported to indicate an increase in hepatocellular death, whereby the surrounding hepatocytes regenerate to replace the dead or dying cells. Indeed, treatment with anti-CXCR3 Ab abrogates hepatic damage as evident with significantly lower numbers of Ki67 ϩ hepatocytes (Fig. 4C) . The reduced hepatic damage was also confirmed by TUNEL assay (data not shown). Additionally, treatment of the mice with the anti-CXCR3 Ab reduced the mean serum alanine aminotransferase (ALT) levels. The mean ALT level in core Ϫ TCR mice was 27 U/L while the core ϩ TCR and the core ϩ TCR treated with prebleed serum were 140 and 81 U/L, respectively. The treatment with anti-CXCR3 Ab reduced the mean serum ALT in core ϩ TCR to 27 U/L. Importantly, Ki67 staining and flow cytometry staining for activation markers were not altered in the spleen, indicating that anti-CXCR3 Ab treatment did not interfere with Ag stimulation of T lymphocytes (data not shown). Taken together, the blockade of CXCR3 infiltration by anti-CXCR3 Ab treatment prevented hepatic inflammation and resulting hepatic damage. 
Increased expression of CXCR3 ligands, IP-10, and Mig in the liver
Although infiltration of CD3
ϩ and CD4 ϩ T cells into the liver correlates with recruitment of innate immune cells including NK and NKT cells, it is not clear whether these cells migrate from other peripheral lymphoid sites or undergo in situ proliferation in the liver. Given, the increased migration of CXCR3 ϩ lymphocytes to the liver of core ϩ TCR mice following CD4 ϩ activation, it is likely that the hepatic environment of core ϩ TCR mice generates enhanced production of CXCR3 ligands to recruit inflammatory cells.
To test this possibility, we examined the production of chemokines in core ϩ TCR mice following OVA II injection. First, we analyzed the induction of chemokine-specific mRNA in the liver by RPA (Fig. 5A) . After Ag stimulation, core ϩ TCR mice demonstrated dramatically increased intrahepatic mRNA for IP-10. Additionally, there was increased mRNA expression of KC and MCP-1, both of which were previously reported to be elevated during Fas-mediated inflammation (9, 24) . Consistent with prior observations (Fig. 2) , there was a detectable increase of CXCR3 mRNA in the hepatic compartment. Importantly, there was no increase in mRNA expression of other chemokines except minor increase in MIP-3␣ and RANTES mRNA level. In contrast to the significantly elevated mRNA levels of IP-10, CXCR3, KC, and MCP-1 in core ϩ TCR mice, core Ϫ TCR mice demonstrated increased levels of RANTES and MIP-3␣ (data not shown). The KC chemokine is thought to be the mouse homolog of IL-8 and recruits neutrophils, while MCP-1 primarily recruits macrophages but can also recruit and activate stellate cells (25) . Of note, IP-10 is a ligand for CXCR3 and the cells infiltrating the liver are primarily CXCR3 positive, suggesting that the increased IP-10 mRNA might be responsible for the recruitment of CXCR3 ϩ lymphocytes to the liver of core ϩ TCR mice. To confirm whether increased mRNA expression of CXCR3 ligands correlates to the production of functional CXCR3 chemokines, we examined the protein expression of CXCR3 ligands by immunohistochemistry. Because CXCR3 binds three chemokines (IP-10, Mig, and ITAC), we attempted to assess the production of all three chemokines. FFPE tissues from core ϩ TCR and core Ϫ TCR mice were stained with Abs specific for Mig or IP-10 or ITAC. To verify the specificity of the Abs, the primary anti-Mig Ab was incubated with rMig protein which was able to abrogate staining while incubation with rIP-10 was unable to inhibit staining (Fig. 5B) . The anti-IP-10 Ab demonstrated reciprocal specificity (data not shown). Staining core ϩ TCR and core Ϫ TCR mice for IP-10 and Mig revealed significantly increased expression of these chemokines in the core ϩ TCR mice as compared with core Ϫ TCR littermates (Fig. 5C ). Quantitative analysis for IHC staining with ImageJ software confirmed that mice expressing the HCV core protein demonstrate increased protein expression of Mig (Fig.  5D ) and IP-10 ( source of chemokine expression changed over time (Fig. 5F ). Although initial expression of the chemokines was primarily restricted to liver sinusoidal endothelial cells, the expression expanded to liver mononuclear cells and hepatocytes, which become the major source of chemokine expression later in the inflammatory process. The change in the cellular source of chemokine protein expression may explain the kinetic discrepancy between the protein and mRNA expression. The delay in protein expression (detection) may also be due to posttranslational modifications.
FasL expression by CD4 ϩ T cells induces the expression of CXCR3 ligands by liver parenchyma cells
Recently, a novel function for FasL has been reported in the induction of chemokine expression and acceleration of the inflammatory response (26) . Therefore, the enhanced expression of FasL on HCV core-expressing CD4 ϩ T cells (21) may implicate the role of Fas/FasL interaction in inducing chemokine expression. To determine the role of Fas ligation on chemokine production, core ϩ TCR mice were treated with blocking Abs to FasL to prevent Fas/ FasL engagement. As shown in Fig. 6A , there was a significant decrease in the number of lymphocytes infiltrating the liver after treatment with anti-FasL. This decrease in infiltration is accompanied by a decrease in liver inflammation and hepatocellular death. Additionally, the inhibition of Fas ligation reduced the level of CXCR3 ligand production. RPA analysis of whole liver lysates reveals that blocking Fas ligation significantly reduces the amount of IP-10 mRNA detected (Fig. 6, B and C) , p Ͻ 0.02. The results of the RPA were normalized to the housekeeping gene L32 and the mean was displayed in Fig. 6B . In addition, IHC revealed reduced Mig staining in mice receiving anti-FasL treatment, which was confirmed by quantitative ImageJ analysis for Mig (Fig. 6, D and E) and IP-10 (data not shown). As a complementary approach, liver-infiltrating lymphocytes for core ϩ TCR mice were adoptively transferred into Fas-deficient lpr mice backcrossed into the BALB/c genetic background. The results of these experiments reveal that lpr mice receiving core ϩ TCR liver lymphocytes did not induce Mig production to the same level as the age-matched BALB/c mice receiving cells from the same source (data not shown). Taken together, these results confirm that the increased expression of FasL by HCV core-expressing CD4 ϩ T cells and Fas ligation plays a role in the induction of CXCR3.
Fas ligation is directly responsible for enhancing the expression of CXCR3 ligand in IFN-␥-stimulated hepatocytes and macrophages
To further evaluate a direct role of Fas signaling in the induction of CXCR3 ligands as well as specific cell types responsible for chemokine production upon Fas ligation, we established experiments to trigger the Fas-signaling pathway by exploiting a Fas cross-linking Ab. In this experimental setting, Fas cross-linking Ab mimics the engagement of Fas by FasL expressed on activated T cells. Using anti-Fas Ab treatment, we analyzed IP-10 and Mig levels by the direct ligation of the Fas receptor in vivo in an HCV core-independent system. Additionally, we further determined specific cell types responsible for the production of CXCR3 chemokines in vitro following Fas ligation.
We first examined the production of Mig and IP-10 in vivo by administering Fas cross-linking Ab (clone Jo2) into DO11.10 mice that neither express the HCV core protein nor have been activated by OVA antigenic stimulation. A titration study of anti-Fas Ab determined that an i.v. dose of 2 g did not induce massive hepatotoxicity or apoptosis of hepatocytes (data not shown). Immunohistochemical analysis revealed significant increases in the expression of Mig (Fig. 7A) and IP-10 (data not shown). The production of Mig was initially detectable at 12 h after anti-Fas Ab treatment and continuously secreted at 24 and 48 h but slowly disappears 72 h after anti-Fas Ab treatment. However, PBS-injected mice did not demonstrate Mig expression after 12 h. These results confirm a direct role of Fas signaling in the induction of CXCR3.
We next examined specific cell types responsible for the production of IP-10. For this analysis, we chose hepatocytes and macrophages to assess the IP-10 production in vitro upon Fas ligation because these cells are shown to secrete CXCR3 ligands by in vivo IHC analysis (Fig. 5E) . The resident and the infiltrating CD4 and NK lymphocytes secrete IFN-␥ (data not shown) and are suspected to be responsible for the induction of IFN genes such as CXCR3. Therefore, we treated the macrophage and hepatocyte cell lines with IFN-␥. The treatment with anti-Fas Ab results in a 4-fold increase for IP-10 production by IFN-␥-stimulated macrophages as compared with that in control Ab-treated or LPS-stimulated macrophages (Fig. 7B) . The above trend was also observed in thioglycolate-elicited peritoneal macrophages. The increase in IP-10 production was ϳ150-fold greater than the baseline measurement. Similar results were obtained with the Hepa 1-6 mouse hepatocyte cell line (Fig. 7C) . After 24 h of anti-Fas Ab treatment, there was a significant increase in the expression of IP-10 in IFN-␥-stimulated hepatocytes as compared with the increase observed following treatment with only Jo2 or IFN-␥. There was a 1.5-fold increase in IP-10 following dual treatment with IFN-␥ and Fas ligation as compared with IFN-␥ and isotype Ab, and an 8-fold increase in IP-10 expression as compared with baseline expression. Interestingly, the treatment of the macrophage and hepatocyte lines with IFN-␥ increases the surface expression of the Fas receptor (data not shown). The expression of chemokines requires activation of IFN-␥ pathways. These results further demonstrate that Fas ligation can result in increased expression of proinflammatory chemokines, specifically, CXCR3 ligands, in both macrophages and hepatocytes. 
Discussion
Typically Fas engagement on hepatocytes can lead to the induction of hepatocyte death through the association of Fas-associated death domain with caspase 8, leading to activation of downstream apoptotic pathways (4). However, recent evidence has reported that engagement of Fas plays other roles in the induction of the inflammatory response. Fas/FasL engagement of T lymphocytes can provide costimulatory signals (27) and the engagement on Fasexpressing cells induces the production of proinflammatory molecules (28, 29) . FasL has also been demonstrated to induce chemokine production by various cell types, including PANC-1 cells in which Fas ligation induces MCP-1 and IL-8 (30) . Indeed, the interaction of Fas/FasL has also been shown to play a role in the induction of lung damage and fibrosis (31) along with the induced production of KC and MIP-2 (9). More recently engagement of Fas on dendritic cells has been demonstrated to alter chemokine production and increase the production of MCP-1, RANTES, MIP-2, MIP-1␣, and MIP-1␤ chemokines (26) . This would provide a mechanism for the recruitment of lymphocytes to sites of inflammation and the promotion of APC-T cell interactions.
In this report, we demonstrated the role of FasL in the induction of proinflammatory chemokine production and hepatic damage. Using double-transgenic mice that express HCV core in T lymphocytes of DO11.10 TCR mice, we observed increased infiltration of lymphocytes and innate immune cells (i.e., macrophage and dendritic cells) in the liver of core ϩ TCR mice following OVA II injection. The subsequent analysis of chemokine expression revealed the increased production of CXCR3-specific chemokines, IP-10 and Mig in core ϩ TCR mice. The increase in hepatic expression is correlated with an increase in CXCR3-expressing T cells, NK, and NKT cells found in the liver. Importantly, treatment with an anti-CXCR3 Ab resulted in decreased lymphocyte infiltration and hepatic damage. Blockade of Fas/FasL interaction with a neutralizing anti-FasL Ab demonstrated that HCV core-induced hepatic Fas receptor. Taken together, these data suggest that Fas/FasL interactions provide a costimulatory signal that can act synergistically with IFN-␥ to increase production of CXCR3 ligands. The mechanism behind this synergistic effect has yet to be determined. We speculate that this effect is through the STAT system. Initial results suggest that the synergistic effect of Fas ligation and IFN-␥ might be independent of the alteration of STAT1 (pY701). However, STAT1 can also be phosphorylated at serine 727 and it is possible that the demonstrated synergistic effect of IFN-␥ and Fas uses the p38 pathway of STAT1 activation. Further work in this area will help us elucidate the point at which the IFN-␥ and Fas pathways interact.
The expression of CXCR3 has been reported to play a crucial role in development of several immunological disease states (e.g., systemic lupus erythematosus, multiple sclerosis, rheumatoid arthritis, diabetes) (32, 33) . In addition, CXCR3 plays a role in the progression of liver disease in chronic HCV patients. The mRNA levels of IP-10, Mig, and ITAC are increased in liver tissues derived from chronic HCV patients and the levels of enhanced expression of these chemokines correlated with severity of liver disease (34 -36) . The serum levels of IP-10 can also serve as a marker for the effectiveness of IFN-␣ and ribavirin treatment as the levels of IP-10 dramatically decrease in chronic HCV patients who respond to therapy (37) . Additionally, the pretreatment levels of the CXCR3 ligands may have an effect on the outcome of HCV treatment, where increased levels of these chemokines before treatment corresponds with treatment failure (38) . Taken together, the CXCR3 system may be an important target in HCV therapy to prevent hepatic damage and improve the effectiveness of antiviral treatments.
The CXCR3 binds three chemokines: ITAC, IP-10, and Mig. These ligands exhibit different binding affinity for the receptor with an order of ITAC Ͼ IP-10 Ͼ Mig (39) . Interestingly, the affinity of these chemokines for CXCR3 exhibits an inverse relationship to the amount of chemokine production such that Mig with lowest affinity to CXCR3 shows the highest chemokine production (40) . Our studies in this report demonstrate a similar pattern of protein expression of the CXCR3 ligands with the expression order of Mig Ͼ IP-10 Ͼ Ͼ ITAC. There are several cell types capable of producing CXCR3. In general, their expression is constitutively low, however, their activation can lead to widespread expression by multiple organs and cell types including endothelial cells, hepatocytes, and stellate (12, 13, 41) . It is worthwhile to point out that the biological function of CXCR3 engagement varies depending on specific cell types. For examples, the engagement of CXCR3 on endothelial cells inhibits their proliferation, while the same engagement on CXCR3 activates stellate cells (42, 43) . The activation of stellate cells within the hepatic compartment is of particular interest as they are the liver fibroblast cells. The constant high levels of CXCR3 in the presence of hepatic damage could therefore predispose the liver to the formation of liver fibrosis and liver dysfunction/cirrhosis.
In addition to the induction of chemokines by cytokines and infiltrating lymphocytes, the expression of HCV viral proteins by hepatocytes acts synergistically to induce CXCR3 (44) . At first this appears paradoxical because CXCR3 would recruit cytolytic lymphocytes to the liver where the lymphocytes could destroy infected hepatocytes. However, HCV-infected hepatocytes are more resistant to killing by infiltrating lymphocytes (45, 46) . As a result, the infiltrating lymphocytes destroy noninfected hepatocytes. The elimination of uninfected cells by the infiltrating cells thus allows a selective advantage for HCV-infected hepatocytes. In addition, the recruitment of activated cells to the liver leads to the bystander deletion of HCV-specific lymphocytes (47) , which creates an environment tolerogenic to HCV Ags/infected cells.
The role of CXCR3 ligands during the inflammatory response extends beyond chemotaxis and the localization of cells to inflammatory sites. First, IP-10 and Mig exert direct antiviral activities (48) and the accumulation of IP-10 is also linked to an increase in IFN-␥ (49) and the activation of NK cells (50) . Second, the production of CXCR3 ligands enhances the proliferation and effector function of lymphocytes in a IL-2-independent fashion (51), which further augments the cytotoxic potential of the infiltrating lymphocytes. Third, the production of chemokines and the ligation of CXCR3 are necessary for the production of long-term memory lymphocytes (52) . In the case of chronic inflammatory conditions, the elevated production of chemokines would play a role in promoting and sustaining inflammation. The high levels of the chemokines expressed in the inflamed liver would induce the recruitment of lymphocytes where they can induce hepatic damage. The CXCR3 ligands would increase the activation status and effector functions of lymphocytes thereby amplifying the inflammatory responses and creating a proinflammation, pro-Th1 loop of infiltration and hepatic damage.
Our work in this report provides compelling evidence for the critical role of Fas/FasL in the induction of CXCR3 chemokines in hepatic damage. As such, inhibition of Fas/FasL interactions or Fas signaling might prove to be an important therapeutic prevention for hepatic inflammation and damage. One approach would be to block Fas signaling with a drug like suramin (Food and Drug Administration approved), which has proven useful in the inhibition of Fas-induced acute hepatitis (53, 54) . We are currently investigating whether suramin is able to inhibit the production of CXCR3 by abrogating Fas signaling and whether this drug would be useful in the treatment of acute hepatitis as well as chronic liver inflammatory diseases. Another approach to reduce hepatic damage is to block the action of CXCR3. Several groups have developed small nonpeptide inhibitors that can bind to and inhibit the function of chemokine receptors in vitro and in vivo (40, 55) . In this case, NBI-74330 (40) demonstrates the ability to inhibit receptor activation by all three CXCR3 ligands and this series (T487) of CXCR3 antagonists are currently in phase II clinical trials. In addition to manufactured inhibitors, four other natural CXCR3 antagonists have been reported to be effective in the blockade of CXCR3 action (56) . Given the role that CXCR3 ligands play in induction of hepatic damage, prevention of CXCR3 engagement may be beneficial not only for the treatment of the acute/early infection period but also for treatment during the early phases of fibrosis.
In summary, we report here that Fas ligand induces CXCR3 chemokines. The production of CXCR3 ligands via Fas ligation is responsible for recruiting activated lymphocytes and can further activate innate immune cells as well as augment the production of effector cytokines such as IFN-␥. As a consequence of this process, the amplification of liver inflammation can occur by recruitment of more lymphocytes to the liver compartment. Through Fas/FasL-mediated signaling, these liver-infiltrating lymphocytes induce hepatocyte death and the production of CXCR3 ligands. Such an effect is able to cause sustained liver damage, especially in the presence of a chronic HCV infection. Using inhibitors of the Fas pathway or the CXCR3 systems would provide better treatment for liver disease and may reduce the incidence of liver fibrosis in HCV infection.
